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of marine plankton was derived by Longhurst 3 based on parameters principally associated with 95 photosynthetic plankton. Localized studies of selected plankton taxa or specific organismal sizes 1,4-7 96 have mapped community structure and begun to assess the roles of environment and ocean current 97 transport in shaping these patterns 2,8 . Here we assess global plankton biogeography and its relation 98 to the biological, chemical and physical context of the ocean (the 'seascape') by analyzing 24 terabases 99 of metagenomic sequence data and 739 million metabarcodes from the Tara Oceans expedition in interactions, life cycles, behavior, acclimation/adaptation 11, 12 ), which act across various spatio-117 temporal scales. In turn, plankton impact seawater physico-chemistry while they are being advected 10 .
118
The community composition and biogeochemical properties of a water mass are also partially 119 dependent on its history of mixing with neighboring water masses during transport. These intertwined 120 processes form the pelagic seascape 13 ( Supplementary Fig. 1a ). Previous studies on plankton 121 distribution have tended to focus on individual factors, such as nutrient or light availability 3,14 , or have 122 investigated the role of transport for specific nutrients 15 or types of planktonic organisms 8, 16 . Here, 123 instead, we integrated uniformly collected metagenomic data across multiple size fractions with large-124 scale ocean circulation simulations in the context of the seascape.
125
We assessed global patterns of plankton biogeography in the context of the seascape using samples 129 Supplementary Fig. 1b ). We analyzed 24.2 terabases of metagenomic sequence reads and 320 million 130 new eukaryotic 18S V9 ribosomal DNA marker sequences ( Supplementary Table 1 ), complementing 131 previously described Tara Oceans data 5, 18, 19 . We used metagenomic data and Operational Taxonomic 132 Units (OTUs, representing groups of genetically related organisms) as independent proxies to compute 133 pairwise comparisons of plankton community dissimilarity (β-diversity). Metagenomic dissimilarity 134 highlighted, at species and sub-species resolution, differences in the genomic identity of organisms 135 between stations. Our metagenomic sampling resulted in pairwise metagenomic dissimilarities that 136 likely represent an overestimate of true β-diversity (Supplementary Information 1). However, since 137 we applied an identical procedure to compute dissimilarity between all pairs of samples, these values 138 nevertheless provide an accurate picture of β-diversity variation among samples. The more deeply 139 sampled OTU dissimilarity, in contrast, incorporated the numerous rare taxa within the plankton, but 140 at genus or higher-level taxonomic resolution 19 . Metagenomic and OTU dissimilarities were correlated 141 for all size fractions (Spearman's ρ 0.53 to 0.97, p ≤ 10 -4 , Supplementary Fig. 2 
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Underlying this local heterogeneity, we found robust evidence for the existence of large-scale 154 biogeographical patterns within all plankton size classes using two complementary analyses of 155 dissimilarity among samples ( Fig. 1a, Supplementary Fig. 4a -f, Supplementary Fig. 5 , Supplementary 156 4 Information 2). First, we grouped metagenomic samples within each size fraction into 'genomic 157 provinces' via hierarchical clustering ( Supplementary Fig. 6 ). Second, we derived colors for each 158 sample based on a principal coordinates analysis (PCoA-RGB; see Methods) in order to visualize 159 transitions in community composition within and between genomic provinces. Most genomic 160 provinces were composed of large-scale geographically contiguous stations (consistent with previous 161 studies documenting patterns in plankton biogeography 1,2,5,6 ) with some independent distant samples 162 ( Fig. 1a, Supplementary Fig. 4a-f ). Genomic provinces of smaller plankton (viruses, bacteria and 163 eukaryotes <20 µm) tended to be limited to a single ocean basin and to approximately correspond to 164 Longhurst biogeochemical provinces 3 ( Supplementary Fig. 4a 
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These large-scale biogeographical patterns derived from metagenomes were linked to environmental 168 parameters including nutrients, temperature and trophic level. Seawater temperature was 169 significantly different among genomic provinces for all plankton size classes (Kruskal-Wallis test, p < 170 10 -5 ), corroborating previous results for prokaryotes 18 , whereas other environmental conditions were 171 significantly different only with respect to specific size classes ( Supplementary Fig. 7 ). The geography 178 in the emergence of spatial patterns of plankton community composition, as previously proposed 21 .
179
We therefore investigated community composition differences between sampled stations in light of 180 the corresponding transit time. We inferred the time of mean transport between stations from 181 trajectories computed with the physically well-constrained MITgcm ocean model (see Methods), 182 which takes into account directionalities 9 and meso-to large-scale circulation, potential dispersal 183 barriers and mixing effects 22,23 . We quantified transport using the minimum travel time 24 (Tmin) 184 between pairs of Tara stations. These trajectories corresponded to the dominant paths that transport 185 the majority of water volume and its contents (e.g., heat, nutrients and plankton; Fig. 1c ). For all 186 plankton size classes, community composition differences between stations were correlated to travel 187 time ( Supplementary Fig. 8 ). Cumulative correlation values (correlations between metagenomic 188 dissimilarity and Tmin computed for an increasing range of Tmin) were maximal for pairs of stations 189 separated by Tmin <~1.5 years for all size classes (p ≤ 10 -4 ; Spearman's ρ 0.45 to 0.71 depending on size 190 class, Fig. 2a , Supplementary Fig. 9a -e), hence revealing measurable plankton community dynamics 191 on time scales far longer than typical plankton growth rates or life cycles. In contrast, no such unimodal 192 pattern was found for correlations between metagenomic dissimilarity and geographic distance 193 (without traversing land; Supplementary Fig. 9f ). Over the timescale <~1.5 years, which corresponds 194 well with the average time to travel across a basin or gyre, large-scale transport is therefore an 195 appropriate framework for studying differences in plankton community composition (Fig. 2b) . The fact 196 that simulated transport times and metagenomic dissimilarity were correlated despite a 3 year pan-197 season sampling campaign highlights the overall stability of plankton dynamics along the main ocean 
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In this study, we provide genomic evidence for an organism-size-dependent global plankton 237 biogeography shaped by currents at the scale of ocean basins. We measured, using metagenomes, 238 the underlying plankton dynamics driven by seascape processes such as intrinsic biological dynamics, 239 variation in environmental conditions, and/or long-range transport. Our analyses reveal that global 240 plankton communities include components that are in a near steady-state that emerges from the 241 integration of the seascape. This behavior resembles self-organizing systems within reaction- 
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Nearly all samples in our data set had at least 100 million reads (or at least 30 million for the 0-0.2 µm 293 fraction; Supplementary Table 1 ).
294
We estimated b-diversity for metagenomic reads with the following equation within Simka:
Where a is the number of distinct k-mers shared between two samples, and b and c are the number 297 of distinct k-mers specific to each sample. We represented the distance between each pair of samples Within the 0-0.2 µm size fraction, we used previously published viral populations (equivalent to 304 OTUs) 36 and viral clusters (analogous to higher taxonomic levels) 5 based on clustering of protein 305 content. For the 0.22-1.6/3 µm size fraction, we used previously derived miTAGs based on 306 metagenomic matches to 16S ribosomal DNA loci and processed them as described 18 . For the four 7 eukaryotic size fractions, we added additional samples to a previously published Tara Oceans 308 metabarcoding data set and processed them using the same methods 19 (also described at DOI: 309 10.5281/zenodo.15600).
310
We calculated OTU-based community dissimilarity for all size fractions as the Jaccard index based on 311 presence/absence data using the vegdist function implemented in vegan 2.4-0 37 in the software 312 package R. The dissimilarity matrices we produced for each plankton size fraction (on a scale of 0 = 313 identical to 100 = completely dissimilar) are available as Supplementary Tables 9-14 
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Definition of genomic provinces
336
We used a hierarchical clustering method on the metagenomic pairwise dissimilarities produced by 337 Simka for all surface and DCM samples, and multiscale bootstrap resampling for assessing the 338 uncertainty in hierarchical cluster analysis. We focused on metagenomic dissimilarity due to its higher 339 resolution, and confirmed that the patterns found in metagenomic data were consistent when using 340 OTU data ( Supplementary Fig. 5 ). We used UPGMA (Unweighted Pair-Group Method using Arithmetic 341 averages) clustering, as it has been shown to have the best performance to describe clustering of 342 regions for organismal biogeography 39 . The R-package pvclust_1.3-2 40 , with average linkage clustering 343 and 1,000 bootstrap replications, was used to construct dendrograms with the approximately 344 unbiased p-value for each cluster ( Supplementary Fig. 6 ). Because the number of genomic provinces 345 by size fraction was not known a priori, we applied a combination of visualization and statistical 346 methods to compare and determine the consistency within clusters of samples. First, the silhouette 347 method 41 was used to measure how similar a sample was within its own cluster compared to other 
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We represented number and PCoA-RGB color of genomic provinces for each sample on a world map 370 ( Fig. 1, Supplementary Fig. 4a-f Supplementary Fig. 4a-f ).
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Environmental differences among genomic provinces 387 For each size fraction, we tested which environmental parameters significantly discriminated among 388 genomic provinces ( Supplementary Fig. 7) . A total of 12 parameters characterizing each sample, 389 grouped by genomic provinces, were evaluated with a Kruskal-Wallis test within each size fraction 390 with a significance threshold of p < 10 -5 . Selected parameters for each size fraction were then used to 391 perform a principal components analysis of the samples using the R package vegan_1.17-11 37 . Samples 392 were plotted with the same PCoA-RGB colors used in the genomic province maps above and each First, we precomputed a set of monthly trajectories: for each of the 72 months in the dataset, we 407 released floats in every ocean cell of the model grid and simulated transport for one month. We used 408 a fourth-order Runge-Kutta method with trilinearly interpolated velocities and a diffusion of 100 m²/s.
409
Second, following previous studies 4 , we stitched together monthly trajectories to create 10,000 year 410 trajectories: for each float released within a 200 km radius of a Tara station, we constructed 1,000 411 trajectories, each 10,000 years long. To avoid seasonal effects, we began by selecting a random 412 starting month. We followed the trajectory of a float released within that month to the grid cell 413 containing its end point at the end of the month. Next, we randomly selected a trajectory starting on 414 the following month (e.g., February would follow January) from that grid cell, and repeated until 415 reaching a 10,000 year trajectory. Fig. 2a, Fig. 3 and Supplementary Fig. 9 correlation values were derived from 433 pairs of stations connected by Tmin up to the value on the x-axis. We calculated partial correlations of 434 metagenomic and OTU dissimilarity and Tmin by controlling for differences in temperature and for 435 differences in nutrient concentrations, and partial correlations of dissimilarity with temperature or 436 nutrient variation by controlling for Tmin.
438
Community turnover in the North Atlantic
439
Tara Oceans stations numbered 72, 76, 142, 143, 144, and all stations from 146 to 151 were located 440 along the main current system connecting South Atlantic and North Atlantic oceans and continuing to 441 the strait of Gibraltar. In addition, we included stations 4, 7, 18, and 30 located on the main current 442 system in the Mediterranean Sea ( Supplementary Fig. 10 ). As the Tara Oceans samples within the 443 subtropical gyre of the North Atlantic and in the Mediterranean Sea were all collected in winter, 444 seasonal variations should not play a role in the variability in community composition that we 445 observed (see Supplementary Table 2 ). We calculated genomic e-folding times 
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The synthetic map ( Supplementary Fig. 10a) 
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